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FIG. 3. EBV genomes detected in peripheral blood B cells from chronic high-load carriers. Examples of cells with typical patterns of
fluorescence were derived from patient 6 (E and H), patient 7 (B and G), and patient 10 (A, C, D, and F), which revealed a mixed population of
cells with 5 or fewer genomes per cell and cells with 20 to 30 genomes per cell. (I) Summary of the distribution of the number of genomes per cell
for persistent high-load carriers as a percentage of all EBV-positive cells present.

EBV loads of 500 copies/10° PBLs, and both patients carried
high mean EBV loads 6 months prior to the test date. For the
patient with the higher proportion of cells with high genome
copy numbers, the mean load was 750 copies/10° PBLs, while
for the patient with the lower proportion of cells with high copy
numbers, the mean load was 350 copies/10° PBLs. The higher
EBV loads in PTLD patients (200 to 2,500 copies/10° PBLs)
corresponded to an increased number of EBV-positive cells in
the B-cell compartment (mean, 40%; range, 19 to 72%) and a
distinct shift toward more cells with high copy numbers. Over-
all, the results suggest that there are more similarities between
PTLD patients and stable carriers of high loads than there are
between stable carriers of high loads and stable carriers of low
loads.

DISCUSSION

Previously, we have reported that a large fraction of pediat-
ric solid-organ transplant recipients carry persistently elevated
EBV loads. The elevated viral DNA loads seen in these pa-
tients appeared to be associated with latent virus because (i) no
viral DNA was detected in the plasma fraction, (ii) immortal-
ization or lytic replication genes were not expressed, and (iii)
the load was restricted to the memory B-cell compartment (30,
35). Beyond the high loads, the only distinction between im-
munocompromised and healthy individuals was the expression
of LMP1 RNA in all the carriers with loads greater than 200
copies/10° lymphocytes. RNA for the BZLF1 immediately-
early gene product was not usually detected in either low- or
high-load carriers. In the present study we have found that the
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FIG. 4. EBV genomes detected in peripheral blood B cells from patients with a recent diagnosis of PTLD. Examples of cells with typical
patterns of fluorescence were derived from patient 12 (A to E), patient 13 (F to H), patient 14 (J), and patient 15 (I), which revealed a
predominance of cells with high numbers of genome copies (20 to 30 genomes per cell). (K) Summary of the distribution of the number of genomes
per cell for all PTLD patients as a percentage of all EBV-positive cells present.

presence of cells with high numbers of genome copies per cell,
as detected by direct visualization of EBV genomes by in situ
hybridization, is a second major distinction between low-load
and high-load carriers. In situ hybridization of nonisotopic
DNA for the detection of EBV genomes has been performed
with tonsillar B cells, specimens of lesions from patients with
PTLD, and specimens of other EBV-associated tumors, as well
as lymphoblastoid cell lines (5, 8, 24, 37, 41, 43); but it has not
previously been used with latently infected peripheral blood B
cells. The Namalwa cell line provided a quantitative control for
the sensitivity and the specificity of the assay. Namalwa cells
carry two integrated genomes on chromosome 1, and direct
visualization of control Namalwa cells showed that the sensi-

tivity for detection of EBV DNA was greater than 97%. Be-
cause the viral DNA in Namalwa cells was confined to sister
chromatids by covalent integration, the two integrations usu-
ally resolved as spots in close proximity. Approximately one-
third of the time the hybridization signals merged into a single
unresolvable signal, indicating that estimates of the number of
spots in nuclei with large numbers of spots will result in un-
derestimates of the number of genomes present.

Evidence from PCR-based studies suggests that there are
three to five genome copies per latently infected lymphocyte in
the circulations of healthy carriers and has shown that these
viral genomes are episomal (2, 3, 7, 16, 47, 49). Among the cells
from low-load carriers, the most commonly detected infected
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FIG. 5. (A) Percentage of CD19™" cells that were EBV positive in low- and high-load carriers as well as PTLD patients. Open bars, cells with
10 or fewer genomes per cell; closed bars, cells with greater than 10 genomes per cell. (B) Relative distributions of cells with low and high viral
genome copy numbers in low- and high-load carriers, showing the predominance of cells with high copy numbers in patients with loads greater than
200 copies/10° PBLs. The ratios of the percentage of cells with high copy numbers to the percentage of cells with low copy numbers were 0.06, 0.7,
and 1.2 for persistent low-load carriers, persistent high-load carriers, and PTLD patients, respectively.

cell type was a cell with a single nuclear spot. We conclude that
these cells have a single viral episome on the basis of a fluo-
rescence intensity for the spot that was similar to but slightly
lower than that in the Namalwa cell control on slides prepared

at the same time with the same probe. When multiple spots
were detected in cells from low-load carriers, the number was
less than 10 and the localization of the spots within the nucleus
was random. A nonrandom close association of nuclear spots
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might be an expected outcome of either replicative events (in
which daughter viral episomes remain concatenated after rep-
lication at the S phase) or mitotic events (in which both newly
replicated episomes remain associated with the same chroma-
tid and are inherited by only one of the daughter cells). Our
observations suggest that the episomes in these latently in-
fected cells do not appear to be constrained by an association
with each other or by attachment to the chromatids of a par-
ticular chromosome.

In the high-load carriers and PTLD patients, cells with low
numbers of viral genomes were also detected. Just as with the
cells from the low-load carriers, the localization of the spots
within the nucleus was random when multiple spots were de-
tected in these cells with low numbers of genome copies. In
addition to cells with low numbers of copies, some cells also
carried 20 to 30 genomes per cell. These cells with high num-
bers of genome copies appeared in the same memory B-cell
pool as the cells with low numbers of genome copies (35) and
were not obviously distinguishable in size or appearance from
other cells in the fraction. There was an unevenness in the
fluorescence intensities and sizes of the EBV genome spots
within the nuclei of these cells, suggesting that within each
nucleus there are areas where multiple genomes are in close
proximity to each other. There was also a direct correlation
between an increase in the frequency of these cells and an
increase in the viral load, as measured by PCR (Fig. 5A). This
pattern was also detected for patients with a recent diagnosis of
PTLD. We are investigating whether this pattern might also be
reflected in the longitudinal decreases in viral loads that occur
as individual patients convalesce and the viral load stabilizes at
lower levels. All of our low-load patients who previously had
elevated loads, including PTLD patients, did not carry cells
with high numbers of genome copies. This suggests that cells
with high numbers of genome copies are not as long-lived as
cells with low numbers of genome copies and, furthermore,
that a stable recovery may involve the elimination of cells with
high numbers of genome copies.

The viral load in low-load patients seems to be in a latent
state. The distribution of the numbers of viral genomes in
low-load carriers, as measured by direct counting, may be used
to reconstruct a likely history of viral replication in latently
infected cells from this patient population. For such a recon-
struction, three key assumptions need to be made: (i) each cell
becomes infected with one virus particle, (ii) the infected cells
have equal replicative potentials, and (iii) the viral genome
uses the dyad symmetry (DS) element of oriP to replicate only
once per cell cycle and segregate randomly and efficiently to
daughter cells. The last assumption is based on extensive stud-
ies of the properties of oriP-mediated plasmid replication (1,
50) This random assortment model for genome amplification
has been used to compute the probability distribution of the
number of viral episomes per cell after any given number of
generations (Fig. 6A). The use of random assortment as the
only mechanism for genome amplification requires all infected
cells to undergo at least 10 generations to shift the predomi-
nant cell type to cells with more than one EBV genome copy
per infected cell and to obtain cells with three or more genome
copies per cell among a significant fraction of the infected cell
population. Comparison of the calculated distributions with
the measured frequencies of genomes in the cells from trans-
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FIG. 6. Comparison of the distribution of the number of EBV
episomes per cell predicted with a random assortment model and the
observed distribution of EBV episomes per cell. (A) Expected distri-
bution of the number of genomes per cell predicted with the random
assortment model after cells become infected with a single virus par-
ticle and the viral episome replicates during cell proliferation. The
plots represent the calculated distribution of the number of episomes
per infected cell expected after B cells have proliferated for 2 (circles),
3 (squares), or 10 (triangles) generations. (B) Observed distribution of
the number of EBV episomes per infected cell in the peripheral blood
of low-load carriers (circles), high-load carriers (squares), and PTLD
patients (triangles).

plant patients with low genome copy numbers (Fig. 6B) allows
one to draw several interesting conclusions. First, the latently
infected cells with low copy numbers in the circulations of low-
and high-load carriers have replicated after virus infection.
This may be construed as direct evidence that latency can be
established in cells that pass through the S phase after infec-
tion, a common assumption that lacks experimental support.
Second, the cells with low numbers of genome copies from the
low- and high-load carriers have replicated through an average
of two to three generations after infection, but no more. This
distribution of genomes per cell suggests that at least one S
phase may actually be necessary before entry into the latent
state. Third, the population of cells with low numbers of ge-
nome copies circulating in patients shortly after a diagnosis of
PTLD appears to have undergone, on average, a higher num-
ber of generations (approximately 8 to 10) after infection.
High-load carriers and PTLD patients have, in addition to
cells with low numbers of genome copies, as discussed above,
a population of cells that carry an average of 20 to 30 copies of
the viral genome per cell. The random assortment model for
genome amplification does not result in the accumulation of
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sufficiently large numbers of cells with high genome copy num-
bers within a reasonable number of generations to account for
the presence of these cells with high numbers of genome copies
in high-load carriers. A different model is needed to account
for the replication history of cells with high numbers of viral
genome copies. In vitro experiments involving virus infection
of PBLs detected an approximately 20-fold increase in the
genome copy number within 10 to 20 generations after infec-
tion (42). This expansion has been attributed to a short burst of
viral genome replication occurring asynchronously relative to
the cell cycle. Recent studies suggest that some cells replicate
viral episomes by a DS-independent mechanism whose prop-
erties have not been clearly defined (18, 22, 28). One is
tempted to speculate that the difference between cell popula-
tions with high and low numbers of genome copies arises
because the cells with low numbers of copies have not under-
gone a burst of asynchronous viral episome replication, while
the cells with high numbers of copies have. Since over time, as
patients convalesce, the cells with low numbers of copies come
to predominate, they may be longer lived. This could simply be
related to the presence of low episome copy numbers, or it
could be a consequence of a unique lineage history that ex-
cludes DS-independent replication. Further characterization
of the cells with high genome copy numbers should reveal
whether they are more prone to enter a period of immortal-
ization-like cell proliferation and/or the lytic cycle than their
counterparts with low genome copy numbers. Such properties
might make them both easier to detect for normal immune
surveillance and more dangerous for immunocompromised pa-
tients to have in their circulations.
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